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Abstract: A unique rippled nanographene constituted by 52 fused 
rings is presented in which six out-of-plane motifs are fully fused into 
a triangular aromatic surface of ca. 2.5 nm size. Three units of an 
unprecedented fully lateral π-extended octabenzo[5]helicene 
together with three units of saddle-shaped heptagonal rings are 
combined in a single structure leading to a well-soluble warped 
nanographene. The two pairs of possible enantiomers have been 
isolated and their linear, non-linear and chiroptical properties 
evaluated, revealing an outstanding quantum yield and brightness 
values at low energy together with good chiroptical responses both 
in the absorption and emission. 
The well-defined bottom-up synthesis of nonplanar polycyclic 
aromatic hydrocarbons (PAHs) is receiving increasing attention 
in order to incorporate new physical properties to their flat 
counterparts.[1] Besides bowls, hoops or twisted acenes,[2] 
saddle-shaped[3] together with helical aromatics[4] constitute two 
important classes of non-planar carbon based π-conjugated 
systems. Both fields are developing promptly due to they offer 
unique properties, such as low molecular aggregation, high 
solubility and dynamic behavior, to the final compounds. 
Furthermore, negatively curved saddle aromatics, generally 
caused by the inclusion of a heptagon or octagon, have been 
proposed to show interesting mechanical, electronic and 
magnetic properties[5] while non-racemizable enantiopure 
carbo[n]helicene systems are characterized by their intrinsic 
chiroptical properties, such as optical rotation, circular 
dichroism,[6] or chiral-induced spin selectivity (CISS) effect[7] 
finding applications as switches or sensors.[4a] 
Combining both curved motifs, namely a seven-membered 
carbocycle and a carbo[n]helicene in a single conjugated 
structure would lead to exotic distorted geometries and, more 
importantly, novel synergy of interesting properties. Despite its 
potentiality, saddle-helix hybrid compounds are very scarce.[8] 
However, we have recently demonstrated[9] that the concurrent 
inclusion of both non-planar motifs into nanographene ribbons 
leads to new combination of optical properties in graphene-
related materials, namely upconversion based on two-photon 
absorption (TPA-UC) together with circularly polarized 
luminescence (CPL).[10] Simultaneously, unique structural motifs, 
such as laterally π-extended pentabenzo[5]helicene[9a]  or 
heptabenzo[7]helicene[9b] units, were created in such distorted 
PAHs. Those enantiopure helix led to the first CPL-active 
nanographenes, opening the door to new optoelectronic 
applications for carbon nanomaterials.[11] 
In our search for new curved aromatics with novel physical 
properties, we realized that saddle-helix hybrid compounds are 
limited either to relatively small size[8]  (up to 17 conjugated 
aromatic rings) or ribbon-shaped PAHs[9]  with only three 
examples reported of enantiopure saddle-helix hybrid 
compounds (Fig. 1).[8d],[9] However, larger π-conjugated PAHs 
(extended over 1 nm) have demonstrated improved properties in 
terms of defined low band gaps depending on their sizes and 
edges, with potential applications in nano and optoelectronics. [12] 
Therefore, we were motivated to present a synthetic large 
nanographene incorporating multiple saddle and enantiopure 
helix curvatures leading to a novel well-defined π-extended 
warped nanographene and evaluate its photophysical properties. 
In this sense, in recent years it has been shown that multiple 
and laterally π-extended carbo[n]helicenes own interesting 
properties and applications that would not be accessible to 
single helicenes.[13] On the other hand, the simultaneous 
inclusion of several heptagons in a single PAH has led to highly 
warped carbon nanostructures of increasing complexity. [8c],[9b],[14] 
It is expected that the incorporation of several units of each 
curved motif into a large PAH would create a highly contorted 
aromatic structure, with modified optoelectronic properties and 
enhanced solubility in comparison with purely hexagonal PAHs 
of similar size and shape. 
 
Figure 1. Background and novel structural features of nanographene 1. 
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In this work we present the synthesis, characterization and linear, 
non-linear and chiroptical properties evaluation of a triskelion-
shaped nanographene 1 (Fig.1) as the first nanographene of 
significant size, over 1 nm, (153 conjugated carbon atoms and 
52 fused rings) containing simultaneously three units of two 
curved motifs, 
namely three saddle-shaped heptagonal carbocycles and three 
enantiopure carbo[5]helicenes. For the first time, the three helix 
are fully fused with the polyaromatic surface leading to a 
nanographene containing three unprecedented 
octabenzocarbo[5]helicenes. The lateral π-extension provides 
extra modification of the optoelectronic properties in comparison 
with simple helicenes as basic models for Riemann surfaces. [15] 
The three helix arranged in a triskelion shape generated two 
pairs of possible enantiomers that are characterized separately. 
The original incorporation of six units of out-of-plane curvatures 
create a unique 3D-distorted rippled nanographene 1. 
The synthesis of 1 (Scheme 1) started with our described 
methodology[16] for the preparation of distorted HBC analogue 
(hept-HBC) 2 bearing an aryl iodide for the subsequent  
Sonogashira cross-coupling reaction to give 3. Following the 
synthetic strategy developed by Müllen to prepare PAH 
structures,[17] we linked three units of 3 via Co2(CO)8-mediated 
alkyne cyclotrimerization reaction generating a branched 
oligophenylene 4 as 1,3,5- substituted regioisomer. Still, we 
obtained a mixture of atropisomers (see SI, Fig. S32) that was 
subjected to a final Scholl-type oxidative cyclodehydrogenation 
to create the central HBC unit leading to nanographene 1. 
 
Scheme 1 A) Synthesis of compound 1. B) Stackplot of partial 1H-NMR 
spectra of each diastereoisomer (500 MHz, C2D2Cl4, 293 K). 
The incorporation of bulky tBu substituents implies that three 
carbo[5]helicene moieties are created in this final step and 
therefore 1 was obtained as a mixture of the two possible 
diastereoisomers, C3 symmetric (P,P,P/M,M,M)-1 (1a) and C1 
asymmetric (P,P,M/M,M,P)-1 (1b) pairs. Remarkably, each 
[5]helicene is fully lateral π-extended, constituting the first 
examples reported of a octabenzo[5]helicene moiety. The good 
solubility of 1 in organic solvents allowed its characterization by 
1H-NMR spectroscopy where two set of signals in a 1 to 10 ratio 
can be discriminated (Fig. S5).[18] High-resolution mass 
spectrometry (MALDI-TOF) also confirmed the isolation of 1 
(C189H120O3, [M
+] = 2436.9218). Subsequently, we separated 
both diastereoisomers of 1 by HPLC (see SI, Fig. S17). 1H-NMR 
spectrum (Scheme 1B) of the minor compound shows only three 
different signals corresponding to non-equivalent tBu groups and 
thirteen aromatic protons, which is in agreement with the 
structure of (P,P,P/M,M,M) pair 1a. Major compound could then 
be attributed to the (P,P,M/M,M,P) pair 1b as derived from its 
1H-NMR analysis. 
Theoretically optimized structures (DFT-CAMB3LYP/6-31G (d, 
p)) show compound 1a as a warped distorted C3-symmetry 
nanographene of 2.46 nm side-length, centered on a planar 
[6]circulene fused with three distorted hept-HBCs at the edges 
(Fig. 2, left). The three octabenzo[5]helicene moieties show 
mean dihedral angles of 26.3° for 1a, slightly higher than the one 
reported for a single carbo[5]helicene.[19] (For more details, see 
Fig. S33-34). The theoretical relative stability of both 
diastereoisomers was opposite to the experimentally observed 
1/10 ratio of 1a/1b suggesting 1a to be slightly more stable than 
1b (G(1b-1a) ~ 9.0 Kcal mol-1). On the other side, study of 4 
atropisomers shows inverse theoretical relative energies 
compared with those of the final products, being 4b more stable 
than 4a (G(4b-4a) ~ –2.5 Kcal mol-1, see SI, Table S1), 
suggesting that each diastereoisomer of 1 to come from the 
corresponding atropisomer of 4.[20] 
 
Figure 2. DFT (CAMB3LYP/6-31G (d, p)) optimized structures of 1a and 1b 
with the torsion angles of the [5]helicenes highlighted. 
After comparison with other reported purely hexagonal PAHs of 
similar shape (triangular) and size (ca. 2.5 nm side) that present 
very poor solubility even with the presence of side alkyl 
chains,[21] it is clear that, in the case of 1, it is the great curvature 
what increased solubility, thus allowing a rigorous evaluation of 
photophysical properties. Both compounds 1a/1b presented 
magenta color when dissolved in CH2Cl2. Their UV-Vis 
absorption spectra (Fig. 3) showed a vibronic structure with high 
molar absorptivity coefficients at the maximum absortion bands, 
at 517/522 nm (ε = 2.97/4.12 × 105 M-1 cm-1) for 1a/1b, 





respectively. Remarkably, this last value is one order of 
magnitude higher than common dyes such as perilene diimides 
(PDI)[22] and represent a 4-fold and 2.7-fold increase in 
comparison with multiple-PDI based nanoribbons and 
nanographenes, respectively.[6],[23]  
The fluorescence spectra of both diastereoisomers (Fig. 3) 
showed an intense red emission centered at 643/650 nm for 
1a/1b, respectively, extending to 750 nm with high luminescence 
quantum yield (LQY) of 27.6%. This LQY is remarkably higher 
than that described for simple [5]helicene (4%),[24] triple 
dibenzo[5]helicene (2.6%),[14d] or even generally used 
luminescent graphene quantum dots (GQDs, usually range ~2-
23%).[25] The emission lifetime is multiexponential with average 
values in the range of 5-6 ns (see SI, Fig S26). The optical 
HOMO-LUMO gaps resulted 2.01/2.06 eV for 1a/1b, 
respectively). Regarding to the nonlinear optical properties, the 
two-photon absorption (TPA) cross-section (σ2) of 1a presents a 
value of 146 GM while 1b presents higher σ2 of 224 GM at ca. 
860 nm in agreement with the observed one photon absorption. 
Excitation with two photons in the near infrared (750-920 nm) 
results in up-converted emission overlapping the one-photon-
induced emission spectrum (see SI, Fig. S27). The σ2 is in the 
range of previously reported ribbon-shaped nanographene or 
carbon nanodots.[26] Remarkably, two-photon brightness (σ2 x 
LQY) is 40 GM and 62 GM for 1a and 1b, respectively. 
Subsequently, each racemic diastereoisomer 1a/1b was 
resolved into their enantiomers by chiral stationary phase 
(CSP)HPLC (see SI for details)[20] and their ECD spectra 
measured in CH2Cl2 showed a clear mirror image with several 
Cotton effects along the UV-visible range (Fig. 4). 
 
Figure 3. UV-vis absorption () and normalized fluorescence (---) spectra of 
1a and 1b in CH2Cl2 at ca. 10–6 M. 
For symmetric 1a, the first eluted fraction presented a positive 
Cotton effect at 446 nm (|Δε| = 252 M-1 cm-1, gabs = 8.2×10
–3) and 
two consecutive negative Cotton effect at the longest 
wavelengths above 500 nm that correspond to the main 
maximum absorption bands at the UV-vis spectrum 517 (|Δε| = 
103 M-1 cm-1, gabs = 3.5×10
–4) and 550 nm (|Δε| = 58 M-1 cm-1, 
gabs = 2.5×10
–4) (Fig. 4, top, in red). The second eluted 
enantiomer exhibited the corresponding mirror image (Fig. 4, top, 
in gray). In respect to the major diastereoisomer 1b, the first 
eluted peak showed positive cotton effect both at the most 
intense band 425 nm (|Δε| = 106 M-1 cm-1, gabs = 8.8×10
–4) and 
at the longest wavelength, 590 nm (|Δε| = 8 M-1 cm-1, gabs = 
2.0×10–4) (Fig. 4, bottom, in red) opposite to what it is shown for 
second eluted (CSP)HPLC fraction (Fig. 4, bottom, in gray). 
From those results, it is clearly shown that the enantiomeric 
forms of C3 symmetric 1a present considerable higher chiroptical 
responses in terms of the dissymmetry factor (gabs) 
corresponding to C1 asymmetric 1b. The assignment of each of 
the four enantiomers chirality was done by comparison of the 
experimental ECD with the TD-DFT simulated ECD spectra (see 
SI, Fig. S36-S38). Thus, the first (CSP)HPLC fractions 
correspond with (P,P,P)-1a and (M,M,P)-1b enantiomers, 
respectively. 
Finally, as expected from a chiral and emissive compound, 1 
resulted active in CPL, becoming part of the still exclusive family 
of CPL emissive nanographenes.[9] Thus, the CPL of the four 
enantiomers was measured and the enantiomeric forms of each 
1a and 1b gave CPL of opposite signs as expected for pure CPL 
(Fig. 4).[27] Likewise, the sign of the CPL spectra are in both 
cases in good correlation with the sign of the longest wavelength 
ECD band. Regarding 1a (Fig. 4, top, in wine and black), the 
CPL spectra of both enantiomers show a maximum centered at 
643 nm with a similar profile to the corresponding fluorescence 
spectrum and a glum value estimated as 3 × 10
–4. In the case of 
the enantiomeric forms of 1b, the CPL maximum is centered at 
656 nm (Fig. 4, bottom in wine and black) with a g lum value of 2 × 
10–4. 
 
Figure 4. Experimental ECD (300-600 nm) and CPL (600-700 nm) of 1a and 
1b enantiomers in CH2Cl2 at ca. 2-5×10-6 M. 





The synthesis of 1 constitutes a novel example of strategic 
combination of curved structural motifs into a single PAH, 
leading to a large and well-defined rippled nanographene. We 
created a unique triskelion-shaped PAH in which three units of 
two curved motifs are fully fused with the extended aromatic 
surface. The first lateral π-extended octabenzo[5]helicene unit is 
presented, and remarkably three units of this moiety are 
embedded into a single nanographene and their distinctive 
triangular disposition affords two pairs of enantiomeric forms that 
have been isolated. Their linear, non-linear and chiroptical 
properties have been studied, revealing outstanding quantum 
yield and brightness values at low energy joined to good ECD 
and CPL responses. As suggested recently, the inclusion of 
curvatures in PAHs plays a key role improving their planar 
equivalents as emitters in OLEDs.[28] Our work contributes to the 
understanding of the structure-properties relationship in carbon 
nanostructures encouraging to the next step of the bespoke 
design of saddle-helix hybrid graphene molecules. 
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Rippling the surface: a quiral 
nanographene constituted by four 
fused hexabenzocoronene-based 
units is presented. Six curved units 
are introduced into a triangular 
aromatic surface leading to three 
octabenzo[5]helicenes and three 
saddle edges. The two pairs of 
enantiomers exhibit remarkable red 
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